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wavelength radiation.

We have operated such a device in the nﬂli-f
The experimental configqura-
The electron beam

meter wave regime.
tion is shown in Fig. 1.
used in the experiment

fnduction tlinac.
has a peak current of 6 kA and a pulse length
of 25 ns. The accelerator operates at a 1 Hz
repetition rate. Both the current and the
emittance of the beam are too high for effi-
cient FEL operation; therefore, an emittance
filter is used to reduce the current to 500A
and the emittance from 1.5 pi radun—cm to 0.47
pl radian-cm (normalized).

is generated by an

The wiggler is 3 meters long and consists of

two series of alternately opposing solenoids. :
The cusp fields from these solenocids provide a;

spatially alternating,
magnetic field.
a peak field on axis of S kG and has a spatial
period of 9.8 cm. Each two periods of the

linearly polarized,

*Work performed jointly under the auspices of the U.S.
Laboratory under contract W-7405-ENG-48 and for

National

Advanced Research Projects Agency ARPA Order No
document number N60921-84-WR-W0095.

) can produce quite short .

The 3.3 MeV beam (y = 7.5):

The pulsed wiggler can provide
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The Free Electron Laser (FEL) produces coherent : Fm,m, Matching
radiation by extracting energy from an electron 8 KA doublets
beam, just as in conventional wmicrowave 33 Mev
devices. The means of converting the energy To
from kinetic to slectrougnetic s via the fast ———rT—— wiggler
wave finteraction no slow wave structure is ETA
required to reduce the phase velocity of the L ling Current
electromagnetic wave. The electron beam is sslector
bunched in a ponderomotive well created by the
electromagnetic wave and an externally applied
transverse periodic magnetic field.2  The Wire
frequency {s determined by a double Doppler mesh Wiggler
shift of the gspatial period of the applied l Mi
wiggler magnetic field. The wavelength of the . = m:’
- emitted radiation is i ’ \ N\ (calorimetsr or
o= Mw 1+ l(ewa“ )2 / \Electronuml detectors)
s
) ZZ 3 2am c? Transport quadrupoles dump
° Microwave
where ), is the length of the wiggler peried, input
By is the peak wiggler field strength, and y
is the total energy of the electron in units of °
electr rest mass (y = l+eV/mcl). [pue to Figure 1. Schematic of FEL experiment.
the v scalin?, laboratory scale structures
(magnetic wigglers

wiggler is driven by its own power supply; we |
are thus able to vary the length or profile of

the wiggler field along the interaction
regfon. Vertical focusing of the electron beam
is provided by the natural focusing of the
wiggler field, while quadrupoles are used to
focus the beam fin the horfzontal direction.
The interaction region is a 2.9 cm by 9.8 cm
stainless-steel waveguide. The TEg) mode s
driven in the FEL interaction.

A special probe was used to provide real-time
imaging of the beam in the interaction region.
The metallic face of this probe also served as
a reflector for any microwaves generated in the
interaction region. These reflected microwaves
were monitored by a crystal detector located at
the position where the input signal for the -
amplifier would normally be launched. By
extracting the probe we are continuously
lengthening the interaction region. We thus
found the microwave signal to grow from noise

at a rate of 13.4 dB/m for a beam current of
400A in the wiggler.
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We have studied the gain of the amplifier as a |7 3. n,-u, Kroll, P. L. Morton,

and M. R.
function of both wiggler field iatensity and

. Rosenbluth, IEEE J. Quantum FElec. QE-17,
wiggler length.. The output of the amplifier is [~ 1436 (1981). ' ’
shown in Fig. 2, as a Function of wiggler fleld :F'n g\ 8. Colson, IEEE J. Quantum Elec. QE-17,
intensity for a 1-, 2-, and 3-meter-long ~— - 1417 (1981). :
wiggler. In all of these cases the injected |
signal power was 30 kW. The peak power of —— bl LR B )
80 M4 is achieved by 2 meters; this is near the “Tit wl Lo :
point at which the amplifier has saturated. -— ’ - terim i

Detailed study of the gain versus length for a INIZA
fixed magnetic field shows that the emitted ——
power exhibits an oscillatory structure beyond LRI
saturation {indicative of the electron beam —
first giving enerqgy to the radiatfon, then !
extracting energy from the radiation. The
Vinear gain up to saturation is roughly 17 dB/m
(for 450A of beam current 1in the wiggler),
which s close to the small signal gain
measured in the method described above.

Pu {108 wanr)

The experiment was wmodeled with a two-dimen-
stonal numerical simulation. The simlation .
follows 4096 electrons in a single pondero- |
motive potential well as they undergo betatron
oscillations in the transverse dimension, while
obeying the longitudinal equations of wmotion -
derived by Kroll, Morton and Rosenbluth.3 §
These longitudinal equations in the simulation ; %
use local values of the fields so that off-axis ! >~
effects are fully fncluded and take into
account the effects of betatron motion on the
parallel electron velocity. The electrons
provide the source for the electromagnetic
field ghrough the wave equation derived by
Colson.* “This description has been .general-
{zed to include the transverse variation of the
electric fleld in the waveguide (TE,) wmodes,
for n even are followed). Figure 2 includes
some of the results of the simulation which
“agree very well with the experfmental results. :
Only one key experimental parameter is unknown, !
that being the exteat to which the electrons |
are mismatched to their equilibrium orbit in = |
the wiggler. Using a maximum radial excursion

of 0.8 cm, we have been able to fit all of the
experimental results. Oue to our ability to
predict the behavior of the experiment {includ-
ing the detafled structure as that ian Fig. 2),
we feal the experiment is well understoed.
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Figure 2. Amplifier gain for 3 wiggler lengths.
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